ABSTRACT Ghrelin, the endogenous ligand for the growth hormone secretagogue receptor (GHS-R), is produced by multiple cell types and affects feeding behavior, metabolic regulation, and energy balance. In the mammalian pancreas, the types of endocrine cells that are immunoreactive to ghrelin vary. However, little was known about its distribution and developmental changes in the pancreas of African ostrich chicks (Struthio camelus). In the present study, the distribution, morphological characteristics, and developmental changes of ghrelin-immunopositive (ghrelin-ip) cells in the pancreas of African ostrich chicks were investigated using immunohistochemistry. Ghrelin-ip cells were found in both the pancreatic islets and acinar cell regions. The greatest number of ghrelin-ip cells were found in the pancreatic islets, and were primarily observed at the periphery of the islets; some ghrelin-ip cells were also located in the central portion of the pancreatic islets. Interestingly, from postnatal d 1 to d 90, there was a steady decrease in the number of ghrelinip cells in the pancreatic islets and acinar cell regions. These results clearly demonstrated that ghrelin-ip cells exist and decreased with age in the African ostrich pancreas from postnatal d 1 to d90. Thus, these findings indicated that ghrelin may be involved in the development of the pancreas in the African ostrich.
INTRODUCTION
Ghrelin is a brain-gut peptide that had been identified as an endogenous ligand for the growth hormone secretagogue receptor in the rat stomach (Kojima et al., 1999) . Ghrelin was predominantly produced by X/A-like endocrine cells in the oxyntic mucosa of the stomach, which was the major source of circulating ghrelin (Kojima et al., 1999; Alamri et al., 2016) . Subsequently, ghrelin-immunopositive (ghrelin-ip) cells had also been found in the intestine, heart, liver, hypothalamus, cerebrum, cerebellum, thymus gland, pancreas, hypothalamic arcuate nucleus, kidney, and pituitary gland in many species (Kojima and Kangawa, 2005; Kaiya et al., 2008; Fang et al., 2008; Wei et al., 2010; Suzuki and Yamamoto, 2011; Yu et al., 2016) . In the pancreas, ghrelin-ip cells represent an independent cell population of the pancreatic islets, and ghrelin may potentially be involved in glucose homeostasis (Granata and Ghigo, 2013) . The ghrelin system also exists in pancreatic acinar cells, and ghrelin could be implicated in the stimulation of pancreatic enzyme secretion (Jaworek and Konturek, 2014) . Wierup et al. (2014) showed that ghrelin-ip cells resided within all of the human pancreatic specimens studied, and there were numerous cells within the fetal and neonatal pancreas; in contrast, there were fewer cells in the adult pancreas. Moreover, the density of ghrelin-secreting cells in the fetal pancreas were numerous, while there were very few cells observed in the stomach; thus, it was concluded that the fetal pancreas was a major source of ghrelin production during fetal development (Wierup et al., 2002) .
However, in the African ostrich, previous studies had demonstrated that ghrelin-ip cells reside within the stomach and intestines; interestingly, from postnatal d 1 to 90, there was a steady increase in the number of ghrelin-ip cells within these compartments (Wang et al., 2009) . Despite these initial findings, to date, there had been no studies investigating the distribution and developmental pattern of ghrelin-ip cells in the pancreas of the African ostrich. Therefore, in this study, the distribution, morphological characteristics, and developmental changes of ghrelin-ip cells in the pancreas of African ostrich 3445 chicks were investigated using immunohistochemistry analysis.
MATERIALS AND METHODS

Animals and Experimental Design
Neonatal d 1, 45, 90, and 334 African ostriches were used in the present study. African ostrich chicks (24 females) were obtained from Ostrich Research Institute of Yangtze University in Hubei Province, China. The 24 birds were divided into 4 groups (6 ostriches per group) on the basis of their body weight (BW), to equalize BW and variance among groups. All of the birds were maintained in a heated room with a slatted plastic floor and were fed a starter diet for postnatal d 1 to 334, which was formulated according to the specifications of the Elsenburg Ostrich Feed Database (Brand, 2000) . All procedures were approved by the Animal Care and Welfare Committee of our Institute.
Tissue Preparation
On postnatal d 1, 45, 90, and 334 (control group), the birds were weighed, deeply anesthetized with 10% urethane (Caoyang Secondary Chemical Plant, Shanghai, China) at a dose of 1 g/kg BW, and perfused initially with 1,000 mL of 0.85% normal saline (containing 0.075% sodium citrate) and thereafter with 1,500 mL of 4% paraformaldehyde phosphate-buffered solution (0.1 mol/L, pH 7.4) at 4
• C. The abdomen was cut open and the entire pancreas was quickly taken and gently flushed with 0.85% normal saline to remove the contents, then postfixed for more than 24 h with 4% paraformaldehyde. After immersion, the tissues were embedded in paraffin. Serial sections (5 μm) were cut with a Leica microtome (Nussloch Gmbh, Wetzlar, Germany), mounted on polylysine-coated slides (Boster Corporation, Wuhan, China).
Immunohistochemistry
Immunohistochemical detection of ghrelin cells using rabbit anti-ghrelin was carried out by the streptavidinbiotin-peroxidase complex (SABC) method. The production and specificity of the anti-human ghrelin serum used in this study were previously reported (Wang et al., 2009) . Immunohistochemical staining was performed according to the following procedure. The sections were deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol, then treated with 3% hydrogen peroxide (H 2 O 2 ) to block endogenous peroxidase for 10 min at room temperature. After rinsing with distilled water, the sections were incubated with a citrate buffer (pH 6.0) and placed in a microwave oven until the water boiled to fully expose the antigen. After rinsing with phosphate-buffered saline (PBS), the sections were incubated with 5% normal goat serum for 20 min. After removing superfluous liquid, the sections were incubated with rabbit anti-ghrelin serum (BA1619; Boster Corporation, Wuhan, China), diluted 1:100 in PBS for 12 h in a humid chamber at 4
• C. After washing with PBS for 6 min, a second incubation with biotin-conjugated anti-rabbit IgG serum (SA1022; Boster Corporation, Wuhan, China) was carried out for 20 min, and this was followed by further washing with PBS. Finally, the sections were incubated for 20 min with an SABC solution prepared according to the manufacturer's instructions. After washing with PBS for 20 min, the sections were reacted in a diaminobenzidine-tetrachloride kit (DAB kit, AR1022, Boster Corporation, Wuhan, China) for 30 min to detect immunostaining. After washing with distilled water, the sections were dehydrated with a graded ethanol series, cleared in xylene, mounted with a coverslip, and viewed under a light microscope (BH-2; Olympus, Japan). All of the incubations were carried out in a humid chamber at room temperature. Control sections were prepared using the same method, omitting the primary antibody. To examine the specificity of rabbit anti-human ghrelin antiserum, the diluted antiserum (1:100) was incubated with human ghrelin (5 μg/mL) at room temperature for 10 h, and mixtures were centrifuged at 12,000 rpm for 25 min at 4
• C. The supernatant was used as the primary antiserum for control tests.
Morphometric Analysis
The densities of ghrelin cells in various regions of the African ostrich pancreas were estimated. After taking digital photographs under a light microscope (BH-2; Olympus, Japan) with a digital camera (COOLPIX4500; Nikon, Japan), the number of ghrelin cells in each section was counted using a computerized image analysis program, HMIAS-2000 High-definition Chromatic Color Medical Science Figure 
Statistical Analyses
Results are expressed as means ± standard errors on the mean (means ± S.E.). Statistical analysis was done using analysis of variance statistics software (SAS Institute, 2000) with Duncan's multiple range test where appropriate. Differences of P < 0.05 were considered significant.
RESULTS
Distribution of Ghrelin-immunopositive Cells in the Pancreas
On postnatal d 1, 45, 90, and 334, ghrelin-ip cells were found in the exocrine portion and islets of the pancreas of the African ostrich (Figures 1 and 2) , and the ghrelin-ip cells in the pancreatic islets formed clusters ( Figure 1A-D) . In addition, the ghrelin-ip cells in the pancreatic exocrine portion were consistently found distributed as single cells on postnatal d 1, 45, 90, and 334 (Figure 2A-D) . The ghrelin-ip cells were the most dense in the islets, and low densities of ghrelin-ip cells were found in the pancreatic exocrine portion (Figures 4 and 5) .
African ostriches (334 d of age) were used to investigate the distribution of ghrelin-ip cells in the pancreas. In the exocrine portion, ghrelin-ip cells were located among the pancreatic gland cells, exhibited a stained cytoplasm, and consisted of spindle-type, as well as cone, triangular, or polygonal, and round or oval in shape ( Figure 3A and B). In the pancreatic islets, the majority of the ghrelin-ip cells were observed at the periphery of the islet, with a few ghrelin-ip cells located in the central portion of the pancreatic islets. The cells were also cytoplasmically stained, and there were also a variety of cellular shapes, including spindle shaped, as well as cone, triangular or polygonal, and round or oval shaped ( Figure 3C ). There were minimal differences in the immunoreactivity of the ghrelin cells from various regions of the pancreas in the African ostrich. The results of the control tests using antiserum absorbed with 5 μg/mL ghrelin completely ablated the immunoreactivity in the pancreas ( Figure 3D ).
Morphometric Analysis
The morphometric analysis revealed that the ghrelinip cells were localized preferentially within the pancreatic islets (P < 0.05) (Figures 1, 3 , 4, and 5); the cell density decreased gradually from the pancreatic islets to the extrainsular regions (P < 0.05) (Figure 4 ).
Developmental Changes in Ghrelin-ip Cells in the African Ostrich Pancreas
Immunohistochemical analysis revealed that the number of ghrelin-ip cells gradually decreased after birth until postnatal d 90 with a peak on d 1 in the pancreatic islets and acinar cell regions (P < 0.05) ( Figure 5 ). In addition, the number of ghrelin-ip cells on postnatal d 334 was higher than that on postnatal d 90 ( Figure 5 ).
DISCUSSION
Distribution Features of Ghrelin-ip Cells in the Pancreas
Eleven years ago, the ghrelin-producing cell was discovered as a novel cell type in the human islets (Date et al., 2002) . Subsequent studies have shown the presence of islet ghrelin cells in several animals, including mice, rats, gerbils, and fish (Wierup et al., 2014) . In this study, ghrelin-ip cells were identified in the pancreas of the African ostrich, which suggested that ghrelin-ip cells may be present in the pancreas of many animals. In addition, ghrelin-ip cells were found within the pancreatic exocrine portion, as well as the pancreatic islets in the African ostrich, with multiple ghrelinip cells located among the pancreatic islets cells. These distribution features of ghrelin-ip cells were similar to the pancreas of Xenopus, chickens, and Wanxi White Geese (Fang et al., 2008; Wei et al., 2010; Suzuki and Yamamoto, 2011) .
In the rat pancreas, ghrelin-ip cells were identified in the mantle of the pancreatic islets, similar to glucagonproducing-cells (Date et al., 2002) . The Kageyama et al. (2005) study found that ghrelin-ip cells were not detected among the exocrine acini or centroacinar cells. Moreover, ghrelin-ip cells were primarily detected in the periphery of the islets of Langerhans where the cell population primarily consists of α-cells (Kageyama et al., 2005) . However, Raghay et al. (2013) found ghrelin-ip cells within the central portion of the rat pancreatic islets. Unfortunately, we were unable to confirm any of these previous observations. Importantly, the majority of the ghrelin-ip cells were located in the periphery of the pancreatic islets, with a few ghrelin-ip cells detected in the central portion of the African ostrich pancreatic islets.
In the human pancreas, ghrelin-ip cells exhibited the same expression patterns as that observed in rats (Date et al., 2002) ; however, the Grönberg et al. (2008) and Raghay et al. (2013) studies found that a limited number of ghrelin-ip cells were located at the periphery of the pancreatic islets. In line with these studies, a few scattered ghrelin-ip cells were detected surrounding the exocrine pancreatic ducts, which was similar to the African ostrich.
The pancreatic islets vary in size and cellularity, but were composed of four main cell types: α (20% of the total), β (68%), δ (10%), and PP (2%) (Freychet, 1990) . Insulin-producing β-cells were located at the center of the islet, glucagon-producing α-cells were found close to the periphery, and somatostatin-producing δ-cells were interposed between the two (Date et al., 2002) . Ghrelin may be implicated in the stimulation of pancreatic enzyme secretion, and modulate the release of insulin and glucagon (Jaworek and Konturek, 2014; Muller et al., 2015) . Furthermore, exogenous ghrelin administration had previously been shown to decrease glucose-induced insulin release and increase glucose levels in both humans and rodents (Alamri et al., 2016) . In this study, ghrelin-ip cells were almost exclusively located at the periphery of the pancreatic islets, with few ghrelin-ip 2 ) in the 334-day-old African ostrich pancreas. The number of ghrelin-immunopositive cells were a steady decrease from pancreatic islet to pancreatic acinar. Ghrelin-immunopositive cells were present throughout the pancreas. a-b Different letters within the same column indicate significant differences among segments according to Duncan's multiple range (P ≤ 0.05).1, Pancreatic acinar; 2, islet. cells detected in the central portion of the pancreatic islets. These findings suggest that ghrelin expression is primarily localized among glucagon-producing cells (α cells), and some insulin-producing cells (β-cells) in the African ostrich pancreas; and ghrelin may have a physiological function in the pancreas. Thus, it is important to perform further studies on the relationship between ghrelin-ip cells and islets cells, and the function of these peptides within this location.
Developmental Changes in Ghrelin-ip Cells in the Pancreas
Soon after the discovery of ghrelin, several researchers investigated the possibility of ghrelin expression in the pancreas of humans, rats, and other species using in situ hybridization (ISH) and immunocytochemistry. The results revealed that ghrelin-ip cells had been identified in the developing pancreas of different animals (Rindi et al., 2002b; Wierup et al., 2004b; Chanoine and Wong, 2006; D'Amour et al., 2006; Steculorum and Bouret, 2011) . Rindi et al. (2002b) found that cells displaying immunoreactivity for ghrelin were "fairly represented" in the human fetal pancreas, but the authors were unable to detect ghrelin-ip cells in the adult human pancreas. Similarly, D'Amour et al. (2006) found that the levels of ghrelin mRNA peaked at wk 14 of gestation in the human fetal pancreas, while lower levels were observed in the adult pancreas. Wierup et al. (2014) also demonstrated that ghrelin-ip cells resided within all of the human pancreatic specimens studied, and their were numerous cells within the fetal and neonatal pancreas, in contrast, there were fewer cells in the adult pancreas. Moreover, the ghrelin cells constituted ∼10% of all islet cells, whereas the corresponding figure in adults is ∼1% (Wierup et al., 2002; Wierup et al., 2014) .
In addition, ghrelin-ip cells were also present in the rat pancreas during fetal and neonatal development (Wierup et al., 2004b; Steculorum and Bouret, 2011) . As observed in the human pancreas, rat ghrelin-ip cells displayed the same form of developmental regulation (Wierup et al., 2002; Wierup et al., 2004b; Wierup et al., 2014) . Thus, ghrelin-ip cells were readily observed from midgestation to one-month postnatally, with the cell density peaking around birth, forty d after birth, ghrelin-ip cells were only occasionally observed, and were extremely rare in the islets of adult rats (Wierup et al., 2004b) . Steculorum and Bouret (2011) also demonstrated that pancreatic ghrelin expression declined progressively with age and was barely detectable in the adult mouse pancreas, and they found that ghrelin acts as a signal that can influence developmental processes in a variety of organs including the pancreas, gastrointestinal tract, and brain, in addition to its regulatory role in mature animals (Steculorum and Bouret, 2011) . However, the ghrelin-ip cells had not been detected in the islets of adult pigs, cats, dogs, and guinea pigs pigs (Wierup et al., 2014) . In this study, ghrelin-ip cells were detected in the islets of the adult African ostrich, and the number of ghrelin-ip cells gradually decreased from birth until postnatal d 90. Moreover, while the number of ghrelin-ip cells peaked on d 1 in the pancreatic islets and acinar cell regions, the number of ghrelin-ip cells on postnatal d 334 was found to be higher than that on postnatal d 90. These results suggested that the developmental pattern of ghrelinip cells was similar to the pancreas of humans and rats, it was that the number of ghrelin-ip cells gradually decreased with age; however, the distribution and quantity of ghrelin-ip cells in the pancreas differed between phylogenic groups. Because of the change of the ghrelin-ip cells with age, so these results also suggested that ghrelin acted as a signal that can influence developmental processes in the pancreas of African ostrich. Wierup et al. (2002) found that ghrelin during fetal development was found to be more abundant in the pancreas than in the stomach of the human, and which suggested that in contrast to adults, the source of circulating fetal ghrelin may be the pancreas, not the stomach. Many studies also showed that the ghrelin gene expression and ghrelin peptide content in the fetal pancreas were markedly higher than that in the fetal stomach of rats (Chanoine and Wong, 2004; Chanoine and Wong, 2006) . In our previous study, the density of ghrelin-ip cells were estimated in the proventriculus of the African ostrich on postnatal d 1, 45, 90, and 334, and we observed the number of ghrelin-ip cells increased gradually after birth until postnatal d 45 and peaked on d 45 (Wang et al., 2009) . Similar to previous studies, in this study, we also estimated the density of ghrelin cells in the pancreatic islets, and compared with that of the proventriculus at the same age. We found that numerous ghrelin-ip cells were present within the pancreatic islets, while very few cells resided within the proventriculus on postnatal d 1. However, on postnatal d 90, there were few ghrelin-ip cells within the pancreatic islets, while numerous cells were present within the proventriculus. Furthermore, there were virtually no differences in the number of ghrelin-ip cells on a postnatal d 334 in the proventriculus and pancreatic islets. These findings are similar to the human pancreas and we suggest that ghrelin production in the newborn pancreas may be the primary source of circulating ghrelin during fetal development. Therefore, it is important to study whether ghrelin can be detected during the embryonic stage and how it contributes to pancreatic development in the future.
